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1 Marginal abatement cost in computable general
equilibrium models
Computable general equilibrium (CGE) models are wide-spread tools for
policy evaluation in the national and international context. They typically
feature a detailed representation of productive industries and can track the
impacts of price based policies or scarcity of production factors across the
economy. Calibrated to benchmark equilibria given in form of social ac-
counting matrices (SAMs), they represent both production and the con-
sumer basket as nested constant elasticity of substitution (CES) functions.
Positive elasticities of substitution in the production functions give indus-
tries (or representative households) the possibility to react to price changes
by increasing demand of cheaper inputs and demanding less of the more
expensive goods for the production of any unit of output (or utility). Pro-
duction sectors adjust their activity levels such that they make zero economic
profit, and representative consumers spend on consumption such that their
income balances expenditures (which thus include saving). Market balance
conditions for each commodity in the model set the prices such that demand
and supply at those prices clear.
In the context of climate change, CGE models particularly focus on the
flow of fossil fuels and the physical units of emissions that are associated
with burning these. Quantity based policies such as the European Emission
Trading System (EU ETS) can then be modeled by introducing a scarcity
in permitted emissions. Market clearance conditions for emission permits
determine the permit price. Substitution possibilities within production and
consumption allow industries and households to increase energy efficiency
on the one hand and decrease the use of goods that emission intensive in
production and thus more expensive.
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By setting a cap on emission permits and solving for the corresponding
equilibrium, the CGE model finds the permit price and thus the marginal
cost of abatement that corresponds to the abatement achieved by the cap.
By iteratively setting caps and solving for equilibrium, marginal abatement
cost for different abatement levels can be found. The following employs this
method using the CGE model PACE. PACE projects base year SAM data
into the future by making assumptions about the growth of gross domes-
tic product (GDP) and letting the fundamental factor endowments of the
economies grow accordingly. At the same time, PACE makes exogenous
assumptions about energy specific technological progress by decreasing the
energy intensity of production and consumption as time progresses.
2 Interpolating marginal abatement cost with closed
form expressions
In the following, four different approaches for the interpolation of marginal
abatement cost curves (MACCs) are pursued:
Quadratic polynomial
P = b1A+ b2A
2, (1)
Cubic polynomial
P = c1A+ c2A
2 + c3A
3, (2)
Quartic polynomial
P = d1A+ d2A
2 + d3A
3 + d4A
4, and (3)
Quartic polynomial of expA
P = e0 + e1 exp(A) + e2 exp(2A) + e3 exp(3A) + e4 exp(4A), (4)
whereA denotes abatement in billion metric tons of carbon dioxide (GtCO2).
The approaches are fitted to the marginal abatement cost results of the
PACE model by minimizing the sum of square errors. The closed form ex-
pressions where fitted to model results over the ranges from zero abatement
to 150 percent of the respective period’s ETS abatement according the sec-
ond column of Table 1. In later model periods, where this would have led
to negative emissions, the fitting interval was reduced according to the au-
thor’s judgment, but always included the range from zero to 100 percent of
abatement according to the second column in Table 1.
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Table 1: Emissions in absence and in presence of an ETS permit price
Emissions Emissions Emissions
without with ETS at reference Reference
ETS price ETS price price ETS price ETS price
[GtCO2] [GtCO2] [2010 Euro] [GtCO2] [2010 Euro]
2010 2.41 2.08 13.52 2.13 11.20
2015 2.00 1.79 10.42 1.87 5.00
2020 1.94 1.59 18.58 1.71 10.00
2025 2.01 1.41 35.36 1.65 14.00
2030 2.28 1.20 72.39 1.50 35.00
2035 2.60 0.99 126.06 1.39 57.00
2040 3.19 0.73 221.51 1.36 78.00
2045 4.06 0.53 348.36 1.37 90.00
2050 4.68 0.39 483.33 1.36 100.00
3 Results
Table 2 gives the coefficients that minimize the sum of squared errors made
by approximating the model results with given closed form expressions for
MACCS. Figures 1 to 8 show, for the different model periods, modeled
marginal abatement cost compared to the best-fit interpolations using the
closed form expressions above.
Especially for the periods 2030 and later, it is evident that polynomials
of higher order do a significantly better job of approximating PACE output
faithfully. By far the best fit was achieved by using the quartic polyno-
mial in exponentials given in (4). Therefore, given the need to have linear
approximations to the MACCs of the different periods, first order Taylor
approximations of the quartic polynomials in exponentials where made at
(i) the abatement levels according to column two of Table 1 and (ii) the
abatement levels according to column four of that table. The intercepts and
slopes for the linear approximation at (i) the scenario ETS price are given
in Table 3 and the ones at (ii) the reference ETS price are given in Table 4.
Figures 9 to 12 illustrate how these linear approximations fit marginal
abatement cost as approximated by the quartic polynomial in exponentials
in the model periods 2020, 2030, 2040, and 2050.
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Figure 1: Marginal abatement cost in 2015 according to PACE and different
closed form approximations.
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Figure 2: Marginal abatement cost in 2020 according to PACE and different
closed form approximations.
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Figure 3: Marginal abatement cost in 2025 according to PACE and different
closed form approximations.
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Figure 4: Marginal abatement cost in 2030 according to PACE and different
closed form approximations.
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Figure 5: Marginal abatement cost in 2035 according to PACE and different
closed form approximations.
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Figure 6: Marginal abatement cost in 2040 according to PACE and different
closed form approximations.
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Figure 7: Marginal abatement cost in 2045 according to PACE and different
closed form approximations.
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Figure 8: Marginal abatement cost in 2050 according to PACE and different
closed form approximations.
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Table 3: Intercepts and slopes for linear approximations around scenario
abatement (see first column of Table 1). Slope (second column) is the slope
of the EXPO approximation at scenario abatement and intercepts are such
that the linear approximation coincides with modeling results for the ETS
allowance price at scenario abatement.
Intercept Slope
2010 -3.842 52.609
2015 -2.096 58.248
2020 -6.709 71.917
2025 -24.300 98.248
2030 -96.229 156.749
2035 -284.675 254.690
2040 -1026.679 508.480
2045 -2762.737 880.447
2050 -5235.143 1333.363
Table 4: Intercepts and slopes for linear approximations around reference
abatement (see fourth column of Table 1). Slope (second column) is the
slope of the EXPO approximation at reference abatement and intercepts
are such that the linear approximation coincides with modeling results for
the ETS allowance price at scenario abatement.
Intercept Slope
2010 -2.651 48.743
2015 -1.804 50.436
2020 -3.454 57.381
2025 -8.571 61.204
2030 -32.205 85.747
2035 -66.309 101.431
2040 -111.541 103.698
2045 -170.045 96.766
2050 -211.765 93.895
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Figure 9: Marginal abatement cost in 2020 according to the quartic poly-
nomial in exponentials and two linear approximations at references and
scenario abatement.
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Figure 10: Marginal abatement cost in 2030 according to the quartic poly-
nomial in exponentials and two linear approximations at references and
scenario abatement.
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Figure 11: Marginal abatement cost in 2040 according to the quartic poly-
nomial in exponentials and two linear approximations at references and
scenario abatement.
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Figure 12: Marginal abatement cost in 2050 according to the quartic poly-
nomial in exponentials and two linear approximations at references and
scenario abatement.
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4 Conclusion
The PACE model is known to give relatively high estimates of marginal
abatement cost for ambitious targets of emission reductions. This manifests
in highly curved marginal abatement cost curves. Approximating these with
closed form expressions across the whole spectrum of possible abatement
levels calls for more flexible approaches than linear approximation.
If linear approximation cannot be avoided, the approximation should be
made such that it best fits model results at abatement levels where the linear
approximation to marginal abatement cost is expected to be evaluated.
The present document provides such linear approximations along with
other closed form expressions that fit PACE model output for marginal
abatement cost to a differing degree.
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